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The studies that we will describe, briefly, have focused mainly on the shorter-term changes in human protein and amino acid metabolism to nutritional factors; that is, before clinically significant alterations in body protein content and in nutritional status have occurred.
We begin with an account of the responses of whole body amino acid metabolism to alterations in the level of protein or energy intake and then we describe changes in the metabolism of specific amino acids to alterations in N and amino acid intake. Finally, the relationships between amino acid and energy metabolism will be examined with particular reference to the impact of intravenous glucose administration on aspects of whole body amino acid kinetics.
Level of protein and energy intake
The supply of amino acids and the availability of high energy intermediates (ATP and GTP) required for various stages in the synthesis of polypeptides and possibly during their subsequent breakdown (Dean, 1980) affect the status of cellular protein and amino acid metabolism. It is not surprising, therefore, that body N metabolism is highly sensitive to altered dietary intakes of both protein and energy. Thus, N balance becomes progressively less positive and then more negative when protein intakes approach and fall below a requirement level, respectively. Furthermore, for a given intake of dietary protein, N balance is affected by the level and source of dietary energy ( Table I) . These N balance responses to changes in protein and energy intake may complicate estimation of requirements for dietary protein and of indispensable amino acids when they are derived from N balance criteria (e.g. Garza et al. 1976 Garza et al. , 1977 Garza et al. , 1978 . For this practical reason alone it is instructive to explore the whole body mechanisms that Vol. 40
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might account for changes in N balance and alterations in the efficiency of dietary N retention to these variable levels of protein and energy intake. We, ) have carried out a study to examine changes in whole body leucine and lysine metabolism in young men to alterations in dietary protein intake, using a primed constant infusion protocol, involving [ ~J~CJleucine and [aJSNJlysine given simultaneously (e.g. Matthews et al. 1980) . In this experiment, three protein intake levels were studied; 1.5, 0.6 and 0.1 g egg proteidkg per d. The 0.6 g proteidkg per d intake level was chosen to represent an average maintenance requirement level (Garza et al. 1976) and to serve as the reference protein intake against which changes in leucine and lysine metabolism to increases or decreases in protein intake could be evaluated. Whole body leucine and lysine fluxes showed a decline ( Fig. I ) with reduced protein intake although the actual fluxes were lower for lysine than for leucine, especially at the higher protein intakes. Similar discrepancies in whole body leucine and lysine fluxes have been described in growing pigs (Simon, Munchmeyer et al. 1978) . While the mechanisms underlying these differences are uncertain, they may be related, in part, to differences in the sizes of the free amino acid pools in the tissues and particularly the different responses of the free pools of lysine and leucine to changes in dietary intake of these amino acids (e.g. Pion, 1973) .
A summary of the responses of the components of leucine flux (oxidation, outflow of leucine from the metabolic pool into proteins and inflow via protein 
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breakdown) to these changes in protein intake is given in Tanaka & Ogura, 1980) or for maintenance in adult rats (Simon, Adam et al. 1978) . They also suggest that more than one mechanism is responsible for the adaptive responses of whole-body leucine metabolism and of body N balance to changes in dietary protein intakes. Furthermore, it appears that the mechanisms are related to the total N and amino acid needs of the host. Therefore, at generous and excess levels of protein the major change observed in leucine metabolism is one of a marked increase in oxidation, seen especially in the fed state. On the other hand, within the sub-maintenance-to-maintenance range alterations in dietary Vol. 40
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protein intake bring about changes in leucine metabolism that are principally related to a reduced body protein turnover. These dietary-induced changes in whole body leucine kinetics can be modulated by the energy status of the host and the level of energy intake. Thus, we have also examined the possible basis for changes in N balance when energy intakes exceed requirements . For this purpose, we chose a dietary protein intake level of 0.6 g/kg per d to explore responses of whole body leucine and lysine metabolism to excess intakes of dietary energy from the different energy sources. Maintenance energy intakes averaged 44 kcal/kg per d, comparable to an adequate energy intake for healthy adult men (FAO/WHO, 1973). The excess level supplied a 25% increment above the maintenance need.
As summarized in Table 3 , N balance improved with excess dietary energy intake and the response was somewhat greater for those diets containing an excess of carbohydrate (e.g. see also Munro, 1964) . However, these changes in N retention were not associated with any dramatic changes in whole body leucine flux (Table  3) . Nevertheless, when the small changes in whole body leucine kinetics in response to excess energy are used to compute net leucine retention (leucine incorporation into proteins minus leucine liberated by protein breakdown) this parameter was found to be higher for the fed state when dietary energy intake exceeded maintenance needs. Furthermore, diets containing a relatively higher carbohydrate content were associated with a greater change in net leucine retention than those based on fat as the source of additional energy .
Daily N balance was increased by an average of about 22 mg N/kg per d when energy intake was raised above the requirement level. Thus, assuming body protein contains 3.7 mmol/g N (Waterlow et al. 1978) this change is equivalent to 
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1981 an increase in net leucine retention of about 81 pmol/kg per d. Alternatively, it can be also assumed that the daily retention of leucine is the average of the difference between the rates of leucine inflow into the metabolic pool by protein breakdown and leucine outflow via protein synthesis during the post-absorptive and fed states. Estimated in this way net leucine retention differed between diets providing maintenance and excess energy by approximately 71 pmol/kg per d. This general agreement between the N balance results and those based on leucine kinetics emphasize that significant changes in body N balance can be brought about by only relatively small alterations in the fate of leucine, and of other amino acids, that enter tissue amino acid pools. The above findings reveal that the major pathways of leucine metabolism are affected by alterations in the dietary protein and energy supply and, furthermore, that they co-ordinately respond to promote whole body leucine homoeostasis. However, the responses of the metabolism of the dispensable amino acids are also important when the over-all maintenance of the N economy of the host is considered.
Using a model, previously described (Gersovitz et al. 1980), to estimate the rate of whole body glycine synthesis we have observed, as shown in Fig. 2 , that this is reduced in healthy young adult and elderly men when these subjects receive a diet 
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supplying a protein intake level that is lower than the maintenance requirement. These observations also suggest that there is an extensive flux of N along pathways associated with the metabolism of dispensable amino acids. For this reason it is necessary to expand the picture of whole body amino acid kinetics to include the metabolism of other dispensable amino acids and their responses to altered nutritional states. Thus, we have also begun to study whole body alanine metabolism to changes in protein intake in young men. The model used for this purpose is shown in Fig. 3 and a summary of our preliminary findings is presented in Fig. 4 . In contrast to the changes already noted in whole body glycine synthesis, the rate of formation of alanine is not reduced when protein intake is restricted within intakes ranging from a generous to an essentially protein-free level. Indeed, as depicted in Fig. 4 , alanine synthesis was higher at the lower protein intakes. Furthermore the ingestion of meals stimulated the formation of alanine (Fig. 4) , due probably to ingestion of the major energy yielding nutrients (carbohydrate), since this response to meal feeding was similar for diets providing quite different protein contents. In view of the significance of alanine in whole body glucose (Felig, 1973) and N metabolism (Chochinov et al. 1978) , it is evident that further studies of alanine metabolism under various dietary conditions would be instructive.
From the foregoing, it appears that the dynamic responses of the metabolism of specific amino acids, and of whole body proteins, to changes in protein intake might be differentiated for those intakes of protein or specific amino acids or both that are generous, on the one hand, and for intakes that are within the submaintenance range, on the other hand. If this is so, it should be possible to examine whole body amino acid kinetics in a way that might have predictive value in the study of human protein and amino acid requirements. We will now consider this possibility.
Amino acid metabolism in relation to requirements Many of the estimates of human amino acid requirements are based on results obtained from metabolic N balance studies (e.g. see Irwin & Hegsted, 1971) . The limitations of the earlier balance studies and the estimates of requirements derived from them are well recognized (e.g. Hegsted, 1963; and we have turned to the application of stable isotope tracer approaches for purposes of further evaluating current estimates of the requirements for indispensable amino acids in healthy young men (Young, Meguid et al. 1981) . First, from a series of unpublished MIT studies, in which volunteer subjects were given diets based on L-amino acid mixtures, we can compare estimates of whole body protein synthesis for diets providing all nutrients in adequate amounts with those obtained when the intake of a specific indispensable amino acid approximates a level thought to be sufficient to meet the requirement for protein nutritional maintenance. These comparisons are summarized in Table 4 and they show that the rate of whole body protein synthesis is reduced when 'requirement' levels of the
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Protein metabolism in man T o examine this problem further, we have measured whole body amino acid oxidation rates and protein turnover at intake levels of specific indispensable amino acids in the regions both above and below the requirement level for maintenance of protein nutritional status (i.e. N balance). Results are shown in Fig. 5 for lysine oxidation in young men receiving graded intakes of this amino acid and in Fig. 6 for the rate of incorporation of leucine into whole body protein for subjects receiving graded intakes of leucine. From these preliminary results it is apparent that marked changes in these response curves occur in the intake region of 30 mg/kg per d for lysine and 23 mg/kg per d for leucine.
It is significant that these responses of whole body lysine and leucine metabolism observed in healthy adult humans are similar to those reported from studies in growing and adult rats (Kang-Lee & Harper, 1977, 1978; Simon, Adam et al. 1978; Tanaka & Ogura, 1980). These responses of amino acid metabolism in rats have been used to estimate the dietary requirement for specific indispensable amino acids. Our comparable data based on whole body amino acid dynamics in healthy young men, suggest, therefore, that the current estimates of adult amino acid requirements (e.g. FAO/WHO, 1973) might be deficient and that an adequate level of amino acid intake for protein nutritional maintenance is best predicted from changes in whole body amino acid dynamics to altered amino acid intakes (Young, Meguid et al. 1981 ). Although we recognize that this assessment of our findings must be considered tentative, these data support the reservations that we Vol. 40
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have expressed previously Young, Meguid et al. 1981) about the uncertainty of the nutritional significance of the published requirements for indispensable amino acids in adults. Finally, we must point out that we do not know whether the appropriate criterion to evaluate human amino acid requirements should be that based on a measure of amino acid oxidation rates or whole body amino acid flux or the rates of whole-body protein synthesis and breakdown. Furthermore, the specific criterion might differ with the specific amino acid in question. For example, studies in rats show that the change in the oxidation rate of methionine is linear throughout a broad range of methionine intake, both above and below the requirement level (Aguilar et al. 1974 ). This contrasts with the 'breakpoint' type of response observed for the oxidation of lysine, histidine and threonine (Brookes et al. 1972; Kang-Lee & Harper, 1977 Simon, Adam et al. 1978) , to graded intakes of these specific amino acids over this same range. Therefore, the relationship between methionine intake, whole body amino acid dynamics and the methionine requirement of human subjects might be explored more usefully by studying changes in whole body protein synthesis or breakdown rates or methionine flux. On the other hand, a determination of the rate of lysine oxidation at various lysine intakes might be a more appropriate technique for establishing the requirement for this particular amino acid. This problem can be resolved only through a more extensive investigation of comparative and quantitative aspects of whole body metabolism for specific indispensable amino acids in human subjects under various conditions of protein and amino acid intake.
As reviewed in more detail (Young, Meguid et al. 1981 ) these studies of whole body amino acid kinetics suggest that the amino acid requirements of healthy adult men may have been significantly underestimated. If this is actually so, the precise interpretation of the effects of disease states on amino acid requirements cannot be judged precisely yet without a more definitive definition of the amino acid requirements in healthy people. Finally, in this particular context, hospitalized patients may receive exogenous energy substrate and amino acids via peripheral or central veins. This mode of nutrient administration introduces additional questions regarding the responses of human protein and amino acid metabolism to altered inputs of nutrients and their requirements. Hence, a final topic to be discussed briefly concerns some recent findings that relate to this aspect of protein metabolism and nutritional state.
Response of amino acid metabolism to intravenous glucose administration
The central role of alanine in the metabolic cycles in the skeletal muscles and their inter-relationships with gluconeogenesis in the liver, particularly under conditions of fasting, have led to the concept of a glucose-alanine cycle that operates to maintain glucose homoeostasis when exogenous supply of energy is restricted (Felig, 1973) . However, there is doubt about the quantitative significance of sources of the carbon for alanine (see Goldberg & Chang, 1978) . Furthermore, (Foster et al. 1980 ). More recently, therefore, it has been suggested that the specific physiological function of the glucose-alanine cycle may be more concerned with ammonia or N transport (Chochinov et al. 1978 ) than with glucose homoeostasis per se. Indeed, Lund (1981) has concluded that alanine is a major precursor of urea N. The associations among alanine, glucose and N metabolism are depicted in Fig. 7 . We have studied kinetic aspects of whole body alanine and glycine metabolism in young men while they were in the post absorptive state and their response to an intravenous glucose infusion. This study was performed with the aid of a continuous administration, by vein, of the amino acids labelled with "N or *H and application of the model described above (Fig. 2) . Thus, by combining infusions of labelled alanine or glycine with [ ~-'~Clleucine or [ r-W)lysine, respectively, to estimate the rate of body protein breakdown, we have been able to calculate the de novo rates of synthesis of each of these dispensable amino acids. As summarized in Table 5 , the synthesis of new alanine and glycine molecules accounts for about 6~~7 0 % of the whole body fluxes of the amino acids. Also, it is worth pointing out that the estimates of alanine flux given in this table agree with earlier values based on the use of I4C-alanine (Chochinov et al. 1978) and alanine-2, d,-3, 3, 3, d, (Bier et al. 1977) in healthy post-absorptive adult subjects.
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When glucose was infused by vein at a rate of 4 mg/kg per min, which resulted Vol. 40 
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(60+3)
.From Robert (1981).
in a significant hyperglycemia and an increased plasma insulin concentration (Fig.  8) , the alanine flux was significantly increased but glycine flux did not change (Fig.  9) . For alanine this rise was entirely due to an enhanced rate of synthesis of new alanine molecules. The mean increase in alanine synthesis was I O I pmol/kg per h and if derived entirely from glucose, this would account for an additional conversion of 50 pmol of the infused glucose. This represents about 7% of the additional glucose disposal when glucose is administered at a rate of 4 mg/kg per min (Robert, 1981) . In agreement with this finding, it has been reported that in perfused muscle preparations less than 3% of the uptake of glucose was converted to alanine (Grubb, 1976) . Thus, we can conclude that while glucose may be the most important source of carbon for alanine synthesis, it represents a quantitatively minor pathway of total glucose disposal in the post-absorptive state or during a brief period of glucose infusion. These findings raise an intriguing speculation in that a hyperglycaemic state, coupled with a moderate increase in circulating insulin, might drive the synthesis of alanine and its subsequent release from skeletal muscles and possibly other tissues, such as the intestine. If this occurs under conditions where the coordinated regulation of metabolic pathways is altered by stress or disease, the increased rate of alanine synthesis could lead to a depletion of N in muscles and the body as a whole if the N from alanine is subsequently transferred to urea during its metabolism in the liver (Lund, 1981) . In partial support of this speculation, which is described in schematic form in Fig. 10 , are the observations showing increased rate of alanine output by muscles during physical exercise (Felig & Wahren, 1971) and that this is apparently associated with enhanced rates of urea production (Lemon & Mullin, 1980) . Possibly, therefore, the hyperglycaemia typical of injury or sepsis (Beisel & Wannemacher, 1980) , coupled with an enhanced rate of glucose disappearance from plasma (Wolfe et al. 1979) , might be of causal significance in the wasting of body N under stressful conditions (Cuthbertson, 1964) . If this hypothesis is valid, therapy aimed at reducing alanine formation might improve the N balance status of patients exposed to these unfavourable situations. However, there are many issues that need examination in this context: first, for example, alanine production rates have not been found to be higher in diabetic reported a lower rate of both N loss in patients following physical trauma where they developed a ketonaemia, as compared with those patients who showed only a small rise in blood ketone levels. Secondly, an intravenous infusion of glucose in healthy subjects improves body N balance (Wolfe et al. 1977 ) and the rise in alanine synthesis that we found in our study was probably not associated with an absolute increase in urea N excretion. The Nsparing effect of glucose is well-recognized so that in healthy subjects the increased alanine synthesis due to glucose administration does not necessarily compromise body N balance. However, the normal regulation of gluconeogenesis is affected by the septic or stressed state (Long et al. 1976; Beisel & Wannamacher, 1980) and it is possible that in these conditions an enhanced rate of urea formation would accompany a rise in alanine synthesis, limiting the efficiency of retention of N from endogenous or exogenous sources. In any event, an exploration of our speculative involvement of alanine metabolism in the causation of stress-induced body N 3 58
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losses should be expected to provide a better understanding of the mechanisms responsible for maintenance of body N economy and how they are altered in disease states.
Conclusion
In this brief review of results of some of our recent studies, we have identified a number of intriguing and significant problems concerned with the maintenance of body protein and amino acid metabolism under various nutritional conditions. We believe that stable isotope probes, coupled with an improvement in the models applied, offer an exciting means for gaining new insights into the physiology of protein and amino acid metabolism and possibly an improved definition of the quantitative requirements for N and dispensable amino acids in human nutrition.
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